ABSTRACT
In this study, a modified miRsearch program was developed in C++ for the detection of miRNAs. All the mature miRNA sequences of Caenorhabditis elegans, Caenorhabditis briggsae, Caenorhabditis remanei, Drosophila melanogaster, Homo sapiens and Rattus norvegicus available in miRbase was searched by this program for homologous sequences with a maximum of 3-mismatches in the chromosomes of C. elegans excluding the miRNAs of C. elegans. The same strategy was repeated for C. briggsae excluding C. briggsae miRNAs. The probable pre-miRNA sequences with stem loop secondary structures were assessed by implementation of longestcommon-subsequence (LCS) algorithm with appropriate scoring system. As miRNA genes could be on either strand, each sequence was searched in both forward and reverse strands. The putative miRNAs were viewed through Mapviewer to identify their intronic or intergenic location in C. elegans and C. briggsae genomes. Further, the quality of stem-loop formation of the remaining pre-miRNA sequences was assessed through RNAFOLD. This algorithm will be helpful in detection of potential miRNAs in future sequencing data, making this an invaluable tool for miRNA prediction.
INTRODUCTION
MicroRNAs (miRNAs) are an abundant class of endogenous, small, non-coding RNAs typically ~21nucleotide (nt) long expressed in plants, viruses and animals (1) (2) (3) (4) . These miRNAs are key regulators of gene expression at post transcriptional level and revolutionized our understanding of gene regulation (5, 6) . Depending on the degree of complementarity between miRNA and its target transcript, miRNAs are known to cause degradation of target transcript leading to translational repression (7) . miRNAs were first discovered in the nematode Caenorhabditis elegans, the founding members being lin-4 and let-7 gene products of Caenorhabditis elegans (8, 9) , both of these act as repressors of their respective target genes lin-14, lin-28 and lin-41 (8, 10, 11) . In all these cases repression was mediated by the presence of complementary miRNA sequences in the 3′ untranslated regions (UTRs) of the target mRNAs (11, 12) . Since the discovery of the first miRNA, thousands of them have been identified in diverse organisms through random cloning and sequencing or computational prediction and analysis. Reports also suggest that many miRNAs are highly conserved across species (13) (14) (15) (16) (17) .
Experimental data have shown that several miRNAs participate in essential biological processes and regulate functionally important pathways related to development (9) , cell death (18) , cell proliferation control (19, 20) , hematopoiesis (19, 20) , patterning of nervous system (19) , pancreatic cell insulin secretion (20) , adipocyte development (19, 20) , cancer (21) and neurological diseases (22) , angiogenesis and vascular integrity (23) .
Direct cloning and sequencing of short RNA molecules has enabled the identification of many miRNAs; however, highly constrained tissue-and time-specific expression patterns, presence of degradation products from mRNAs, and other noncoding RNAs, has made it difficult and incomplete to clone miRNAs (24, 25) . For finding those low-expression or tissue-specific miRNA genes, computational prediction provides an efficient strategy (13) (14) (15) (16) (17) . The basic principle of the computational approaches is simple-they rely on the known characteristics of miRNAs and search those in other organisms. MiRNA detection relies on (i) conservation of miRNAs in the genomes of related species, (ii) formation of stable stem-loop structure by pre-miRNAs, (iii) the presence of mature miRNAs in the stem and not in the loop of pre-miRNAs and (iv) the presence of the mature miRNA in the intronic or the intergeneic regions.
The present study is a modification of a previously reported algorithm miRsearch for detecting miRNAs (26) . In this study, the algorithm for detection of pre-miRNA sequence has been completely modified by (i) implementing longest-common-subsequence (LCS) algorithm (27) (ii) standardization of allowed mismatches during the search process and (iii) identification of possible new miRNAs in the C. elegans and C. briggsae genomes.
MATERIALS AND METHODS

Sources of nucleotide sequences
All 3410 mature miRNAs available from C. elegans, C. briggsae, C. remanei, Drosophila melanogaster, Homo sapiens and Rattus norvegicus were selected from the ftp site of Mirbase database (28, 29) . The complete genome sequences of C. elegans and C. briggsae were downloaded from the ftp site at the NCBI (ftp://ftp.ncbi.nih.gov/genomes/).
Computational Screening of miRNA
The computational screening of miRNA was executed through the program modified miRsearch. Algorithm miRsearch, which was initially written in perl script (26) , was modified and written in C++. The program started with a known mature miRNA sequence and searches in other organisms for their close homologs with mismatches using user given score where the S score is calculated as twice the difference of the length of the miRNA and twice the number of mismatches as defined earlier (26) . Here mismatches are given more penalties to reduce the number of false positives. The mature miRNA sequences of C. elegans and C. briggsae, C ramanei, D. melanogaster, H. sapiens and R. norvegicus were used as probes by the modified miRsearch to search for their homologues in the chromosomes of C. elegans and C. briggsae. The whole dataset of mature miRNA sequences was divided into 3 sets-(i) C. elegans miRNAs (ii) C. briggsae miRNAs and (iii) Human, Rat and Drosophilla miRNAs. Datasets (ii) and (iii) were used for the C. elegans genome and datasets (i) and (iii) for C. briggsae. Both the forward and reverse complement sequences of complete genomes were searched for miRNAs. During the search, mismatch was allowed ranging from zero mismatches and was extended up to three mismatches.
For the detection of pre-miRNA sequence, the algorithm has been completely modified. To assess the stem loop secondary structure of the pre-miRNA sequences the longest-common-subsequence (LCS) algorithm (27) was implemented. The LCS problem is to find the maximum possible length of a common subsequence of two strings, 'a' of length |a| and 'b' of length |b|. Usually an actual LCS is also required. For example, using the alphabet A, C, G and T of genetic bases, an LCS of 'GCTAT' and 'CGATTA' is 'GTT' of length three. The LCS will determine the best possible match of the two input sequences to a LCS common-subsequence; in some cases this will result in multiple 'best possible' matches. Here we have implemented a scoring system based on the Watson:Crick pairing. Our algorithm will keep the match with best score. If multiple matches has similar score, then this phase of the algorithm will consider all pairs for further quality checking, e.g., free energy calculation, genomics locations of the miRNA. Here, reverse complement of the homolog of the query mature miRNA sequence was chosen as one sequence, and the other sequences were chosen from -80 to -1 from the first base of the target sequence and +1 to +80 from the last base of the target sequence. For each pair of sequences the LCS is calculated and correspondingly, a score (R) is given for each LCS as above (i.e., for A, T base pairing a score of 2 and for G, C base pairing a score of 3 is given). The scoring was done based on the fact that, A, T base-pairing involves a double hydrogen bond whereas the C, G base-pairing involves a stronger triple bond. More energy is required to break a C, G base-pair than an A, T base-pair and hence less likely to undergo a mutation than an A, T base pair. The sequence for which max score is obtained is chosen as the reverse strand of the pre-miRNA sequence. If the LCS is within the -80 to -1 then the other arm of the hairpin loop precursor miRNA is in the upstream of the target sequence else if it is within +1 to +80 then the other arm of the hairpin loop premiRNA is downstream of the target sequence. If the LCS is upstream, then pre-miRNA sequence was chosen as -10 nt of the start of the LCS to +10 nt of the end of the mature miRNA.
The results thus obtained were then segregated using a customized perl script depending on the mismatches. The pre-miRNA sequences thus obtained were passed through the RNA folding program RNAFOLD (30) selecting the cut-off values on the basis of training datasets (i.e., known pre-miRNA sequences). The observed characteristics from the RNAFOLD output were used to detect the new pre-miRNAs in an organism under study. A structure is accepted as probable miRNA if they satisfy all the characteristics obtained from RNAFOLD output, i.e., (a) ∆G ≤ -20.0K.cal/mole, (b) the longest helical arm contains at least (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) bp depending on miRNA sequence length and (c) the predicted miRNAs are within the long helical arm.
Using another perl script the co-ordinates of the probable miRNAs were finalized and checked through NCBI map viewer for their location if they were present in the intronic or intergenic regions or not as miRNAs are not supposed to be present in exonic region. The ones present in the exonic regions were rejected and only the ones present in the intronic or intergenic regions were selected and the corresponding sequences were used. The complete screening process starting from searching of the mature miRNA in the chromosome to final selection of probable new miRNA is explained in Figure 1 .
Calculation true positive, true negative, false positive and false negative
To test the efficiency of modified miRsearch, the percentages of True Positive (TP), True Negative (TN), False Positive (FP) and False Negative (FN) were calculated based on the datasets used for the search. To get an accurate estimate of the TP, TN, FP and FN, the number of miRNAs of each set, were carefully quantified and the identical miRNAs were excluded. For the C. elegans genome, the C. briggsae miRNAs which were identical to the C. elegans miRNAs and vice versa for C. briggsae, were not excluded during the search process, but they were excluded during the calculation of TP, TN, FP and FN as shown below.
True positive
Number of C. elegans and C. briggsae miRNAs identified with 0 mismatch from C. elegans and C. briggsae genomes respectively.
False negative
Number of C. elegans and C. briggsae miRNAs not identified with 0 mismatch from C. elegans and C. briggsae genomes respectively.
False positive
Number of miRNAs identified with 0 mismatch using C. briggsae dataset on C. elegans genome excluding identical C. elegans miRNAs and vice versa for C. briggsae genome.
True negative
Number of miRNAs not identified with 0 mismatch using C. briggsae dataset on C. elegans genome excluding identical C. elegans miRNA and vice versa for C. briggsae genome.
RESULTS
Computational Prediction of C. elegans and C. briggsae miRNA by Modified miRsearch
Evolutionary conservation of mature miRNA sequences and their characteristic of forming stem-loop secondary structure have been used in modified miRsearch to identify the miRNA sequences in the genomes of C. elegans and C. briggsae. Using all human, rat, drosophila, C. elegans, C. ramanei and C. briggsae mature miRNA sequences, available in miRbase database (28, 29) (November, 2011), homologous sequences with a maximum of 3 mismatches was searched for in the chromosomal sequences of C. elegans and C. briggsae. Homologous sequences, with 3 mismatches, may be present in many places in the genome, all of which may not have the capability of forming stem-loop precursor structure characteristics of pre-miRNAs. The LCS implementation of modified miRsearch could assess the stem-loop structure of probable miRNAs. Reverse complements of the homologue of miRNA sequences (reverse match) were searched at a position -80 to +80 from the matched sequence and their capability of stemloop formation were assessed using the modified miRsearch. Modified miRsearch assigned a proper score value to the reverse matching sequence. The program was trained with all known miRNA sequences and we empirically set the minimum score value obtained from these miRNA sequences as the cut off score for C. elegans and C. briggsae miRNA. As miRNA genes can be located on either strand, we searched each sequence in both the forward strand as well as in its reverse complement. The putative miRNAs thus obtained was viewed through Mapviewer to identify their location in the C. elegans and C. briggsae genomes. miRNAs present in the exonic region were excluded from the set. Further evaluation of the quality of stem-loop formation of the remaining premiRNA sequences was assessed through the RNA folding program RNAFOLD and some selection procedure set empirically as mentioned in section on materials and methods.
In our previous report, we had reported 50 possible novel miRNAs in A. gambiae. Some of these novel miRNAs predicted by our algorithm miRsearch (26) has been used by other laboratory (31) and experimentally verified in Asian mosquito. In the present study out of the 368 C. elegans miRNAs reported in miRbase database, 364 miRNAs (i.e., ~98.91%) were detected in this method. In case of C. briggsae, of 131 miRbase reported miRNAs, 127 were detected (~96.94%). A cumulative query dataset of 3410 miRNAs of C. elegans, C. briggsae, C. ramanei, D. melanogaster, H. sapiens and R. norvegicus have been used for detecting miRNAs in C. elegans and C. briggsae genomes. Table 1 represents the miRNAs which had passed through all level of screening after their prediction through modified miRsearch with 100% homology in C. elegans and C. briggsae genomes. The modified miRsearch managed to identify 24 and 71 probable new miRNAs in the genomes of C. elegans and C. briggsae respectively with 0 and 1 mismatch (Table 2a & b) . The TP/FP/TP/TN were all calculated using the following datasets: 368 C. elegans and 131 C. briggsae known miRNAs for the calculation of TP and FN in the C. elegans and C. briggsae chromosomes respectively; whereas 333 C. elegans and 96 C. briggsae known miRNAs for the calculation of FP and Figure 2 . The results showed that ~98.91% and ~96.94% were true positive in case of C. elegans and C. briggsae respectively. The overall quality of the prediction was tested using precision, recall and F-score as shown in the summary statistics of Table 3 .
Four new miRNAs were found of C. remanei in the chromosome of C. elegans with zero mismatches, out of which three were common with C. briggsae miRNAs. Four and five new miRNAs of C. remanei and C. briggsae were identified in the C. elegans chromosomes with 1 mismatch of which two miRNAs were common to both and C. briggsae. Only one and seven new C. remanei miRNAs were found in C. elegans chromosomes with 2 or 3 mismatches respectively (Suppl Table 1a ). Interestingly, all other newly identified miRNAs in C. elegans chromosomes except for one (Drophilla miRNA) were homologous to human miRNAs with a single mismatch (Table 2a ).
In case of C. briggsae, 14 new C. elegans miRNAs and 4 new C. remanei miRNAs were identified with 100% homology out of which 7 miRNAs were common to both C. elegans and C. remanei. Even with a single mismatch, one new miRNA was identified homologous to C. remanei and 11 C. elegans miRNAs. Apart from these, all other miRNAs were homologous to human miRNAs with 1 mismatch except for one rat miRNA. When the mismatches were relaxed up to two and eventually to three, the number of miRNAs increased dramatically for both C. elegans and C. briggsae chromosomes with homologues mostly from human, drosophila and rat and a few from other species of Caenorhabditis (Suppl Table 1a ,b). It appears that human miRNAs are closer to C. elegans or C. briggsae.
The homologoue of human miRNA h-miR-574-5p was found in different chromosomes of both C. elegans and C. briggsae at 2 mismatches. Interestingly, they were present in large numbers in overlapping regions. In case of C. elegans this miRNA was predicted to be present in chromosome 1 (+strand positions between, 1251563 -1251646, 4909091 -4909185, 9382925 -9383045), chromosome 2 (-strand, positions between 4577004 -4576916, and +strand from 2195721 -2195795, 10549388 -10549458) in chromosome 3 (+strand, positions between 445576 -445693) and chromosome 4 (+strand, positions between 560397 -560489). In C. briggsae, the same miRNA was predicted to be located in chromosome 3 (-strand positions between 1868386 -1868483), in chromosome 5 (-strand, positions between 1011996 -1012097 and +strand from 3757814 -3757906, 700032 -700138) and in chromosome X (+strand, positions between 2978466 -2978555, 4329179 -4329288, 16563105 -16563213). In either case homologues of h-mir-574-5p were present in an overlapping manner due to its repeat nature of the sequence.
DISCUSSION
Informatics approach to identify miRNA largely involves alignment of genomes of two closely related species to find conserved regions followed by identification of stem-loop precursor transcripts capable of processing and forming ~22 nt mature RNA (2, 24) . Our earlier approach used sequence alignment of mature miRNAs, the structure conservation and assessing the position of the mature miRNAs in the pre-miRNA. Starting with the known mature miRNAs from an organism as query, homologues were searched in a related organism allowing few mismatches depending on their phylogenetic distance. Some of the novel predictions of our previous algorithm miRsearch (26) has been used by other laboratory (31) and experimentally verified in Asian mosquito. However, in this approach we may miss some of the miRNAs, which are exceptionally divergent and may not be homologous at all to the available miRNAs. The above program may be accommodated to identify miRNAs in not so related organism also (as many of the miRNAs are evolutionarily conserved) by increasing the number of mismatches in miRsearch, although the chances of getting a large number of false positives will be high. Further filtering techniques will be able to reduce the false positives.
In the more advanced method presented in this study, we have determined the miRNAs of C. elegans and C. briggsae starting from a cumulative dataset from reported miRNAs with a view to make our program more versatile and widely applicable. About 98.91% of the reported C. elegans miRNAs could be determined with this method and the scores for false positive were quite low. Since majority of miRNAs could be considered as evolutionarily conserved, this method detects most of the miRNAs with confidence and is faster than many of the existing methods. However, the limitation of this method lies in the fact that it only detects miRNAs that are homologous to the reported ones.
Over the past few years, the complex and subtle roles of miRNAs in gene regulation have been increasingly appreciated. Most miRNA prediction algorithms combine information on sequence, structure, and conservation and predict different numbers of candidate miRNA genes, few of which have been experimentally validated. Possible explanations could be that these represent false-positives or the gene is not simply expressed in the RNA sample examined. These algorithms so far have not been equipped with the predictions on the orientation of the transcript (plus or minus strand) with respect to genomic location, the position of the processing sites within the hairpin structure, and the determination of which of the paired segments of the hairpin will constitute the mature miRNA. Despite such uncertainties, in silico prediction methods for miRNAs have already become a valuable tool. Sensitive biological validation techniques are key factors in fine tuning informatics prediction algorithms. And yet, developing such biological techniques often depends on effective prediction algorithms. An integrated detection approach, which combines computational prediction together with high-throughput biological validation, has been most effective in discovery of miRNAs. The present algorithm of modified miRsearch along with the filtering processes makes this a very fast and efficient method for identifying miRNAs. The method not only accurately identified >95% of the annotated miRNAs of both C. elegans and C. briggsae in their respective chromosomes, but also provides the option of identifying distantly related miRNAs by allowing mismatches. The stringent filtering process is crucial in screening out the miRNAs and reducing the number of false positive predictions. The method identified a number of new miRNAs in the chromosomes C. elegans and C. briggsae having both Caenorhabditis and non Caenorhabditis origins. The identification of the locations of the newly identified miRNAs will help in the experimental validation of these miRNAs in a much faster and precise way. Moreover with the availability of Next Generation Sequencing data this algorithm can be used to detect potential miRNAs from them making this an invaluable tool for miRNA prediction. Now we know that the regulation of gene expression by miRNA is a widespread natural phenomenon regulating complex genetic pathways, and these miRNAs are modulated in many human diseases. Understanding the miRNA-guided network has enormous possibility of providing a new window for diagnostics and therapy of many human diseases. Many challenges remain in understanding miRNAs and dissecting the affected pathways. Currently we are working on the development of an algorithm for the prediction of the target for the miRNAs, which will be integrated with this present algorithm. Integrative approaches with crosstalk between in silico and experimental methods will continue to push forward future developments in this exciting field.
